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AT LOW PRESSURES AND HIGH AIR-FLOW RATES 
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SUMMARY 
As part of a general program to determine design criteria for tur-
bojet combustors, an annular combustor was developed by utilizing the 
design principles evolved in previous investigations and by making 
12 design changes to optimize the altitude performance of the combustor. 
Although the combustor was developed for liQuid fuel injection, heated 
liQuid and vapor fuels gave higher combustion efficiencies at the severe 
operating conditions. At conditions simulating cruise speed at 
80,000 feet 'in a typical turbojet with a 5.2 pressure ratio engine, the 
heated liQuid and vapor fuels gave combustion efficiencies 18 and 
23 percent, respectively, above the efficiency obtained with liQuid 
fuel. With all three fuel types the combustion efficiency was higher 
at severe operating conditions than the efficiency of any of 14 turbojet 
combustors previously investigated. At rated engine speed the effi-
ciency was above 97 percent with both liQuid and vapor fuels at alti-
tudes up to 65,000 feet. The combustion efficiency was slightly 
increased by increasing the air-flow rate per unit combustor frontal 
area to a value 30 percent above that used in current engine design. 
A further increase in the air -flow rate to a value 69 percent above that 
of current practice resulted in markedly lower combustion efficiencies 
at the higher fuel-air ratios. 
The combustor operated with high combustion efficiency at condi-
tions where a similar but smaller combustor would not operate in a pre-
vious investigation; the better performance of the combustor may 
therefore be due chiefly to its larger size. Combustion efficiencies 
obtained in previous investigations with 14 different turbojet combus-
tors at comparable operating conditions show a general trend of increase 
in efficiency with increase in combustor size. 
The total-pressure drop of the combustor was approximately twice as 
great as the value obtained with some production-model combustors. The 
combustor-outlet temperature profiles followed the pattern generally 
-------- ------
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desired in turbojet engines. No investigation was made of the combustor 
durability, carbon-forming tendencies, or other low-altitude operating 
problems. 
INTRODUCTION 
Trends toward higner flight speeds and higher flight altitudes for 
military aircraft result in a need for larger (higher thrust) turbojet 
engines and engines which operate more efficiently at high altitudes. 
This means that combustor size must be increased and that the combustion 
efficiency must be increased at the severe, low-pressure conditions 
encountered with reduced-throttle operation at high altitudes. The 
attendant improvements in compressor performance may be expected to make 
possible higher air-flow rates per unit compressor front al area. If the 
combustor is not to become the engine component re~uiring the greatest 
frontal area, then combustors must be developed which can produce high 
combustion efficiencies at high air-flow rates per unit combustor frontal 
area. 
Research at the NACA Lewis laboratory on designs for annular turbo -
jet combustors (references 1 to 3) has resulted in improved altitude 
performance of these combustors. Other NACA research (references 4 
and 5) has shown that the use of vapor fuel in lieu of the design 
(li~uid) fuel in a turbojet combustor improved the combustion effi-
ciency at severe operating conditions. 
The research reported herein consisted of a direct-connect duct 
investigation of a one -~uarter segment of a 2~-inch-diameter annular 
turbojet combustor. This research had a fourfold objective: (1) to 
develop a combustor using design techni~ues evolved in previous investi-
gations (references 1 to 3) which will provide high combustion efficiency 
at low-pressure operating conditions; (2) to investigate the performance 
of this combustor with heated li~uid and vapor fuels using the conven-
tional li~uid-fuel injection system; (3) to determine the combustion 
efficiency of this combustor at the high air-flow rates per unit frontal 
area which may be produced by future improvements in compressor design; 
and (4) to compare the efficiency of this combustor with similar data 
obtained in a previous investigation with a similar, but smaller combus-
tor (unpublished data) in order to show the effect of combustor size on 
efficiency. 
An annular combustor configuration was selected for this investiga-
tion because this configuration best utilizes the space available for 
combustion in a turbojet engine . The fuel injection system was made 
similar to those used in all annular combustors previously investigated 
at this laboratory, and consisted of hollow-cone - spray pressure atomizers 
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located at the upstream end of the combustor liner and injecting fuel in 
the downstream direction. The selection of combustor size and liner 
design was based on the results of previous investigations in the manner 
described in the following paragraphs. 
Design modifications made with two different annular turbojet com-
bustors by altering the size and arrangement of the circular air-
admission holes in the combustor liner resulted in improved combustion 
efficiencies and altitude operating limits (reference 1 and unpublished 
data). With both these combustors the best altitude performance was 
obtained with approximately the same arrangement of circular holes in 
the upstream portion of the combustor liner. In reference 2 further 
design modifications were made in order to improve the combustor-outlet 
temperature profile. Narrow longitudinal slots for admission of air 
through the upstream portion of the liner were shown to permit better 
control of the outlet-temperature profile. The combustion efficiencies 
obtained in reference 2 were about the same as the efficiencies obtained 
with the optimum arrangement of circular holes in this same combustor 
(unpublished data), indicating that the longitudinal slots for air admis-
sion did not afford any important gains in combustion efficiency. In 
reference 3 the air-admission slots were utilized in the design of a 
larger combustor. This slotted annular combustor of reference 3 is 
listed as combustor G in reference 6, where its combustion efficiency 
is compared with that of various other turbojet combustors. These per-
formance comparisons show that the slotted annular combustor of refer-
ence 3 produces the highest combustion efficiencies at the severe oper-
ating conditions of the 14 turbojet combustors of reference 6. 
Since the earlier investigations with a smaller combustor had shown 
that slots for air admission provide no important increase in combustion 
efficiency over the values attainable with circular holes, it would 
appear possible to obtain combustion efficiencies comparable with those 
of the slotted annular combustor of reference 3 through the use of the 
optimum arrangement of circular holes in a combustor of the same size. 
Previous investigations (reference 7) had shown that combustor liners 
having circular holes are far less subject to warping than the liners 
having narrow longitudinal slots for primary air admission. Conse-
~uently, the combustor selected for the investigation reported herein 
was made identical in size to the slotted annular combustor of refer-
ence 3, and the design included an arrangement of circular holes in 
the upstream portion of the liner which was similar to the optimum hole 
arrangement evolved in reference 1. Rectangular slots were used in the 
downstream portion of the liner because previous experience (unpublished 
data) had shown these to be a suitable means for obtaining the desired 
combustor-outlet temperature profile. 
With this basic combustor configuration, a total of 12 design 
modifications was made to optimize the performance; that is, to obtain 
_._J 
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the best combination of high efficiency, low pressure drop, and desired 
outlet-temperature profile . The experimental investigation with the 
final combustor (model 13) included combustion efficiencies, pressure 
losses, and outlet - temperature profiles. The investigation was con-
ducted with liquid, heated liquid, and vapor fuels and with several fuel 
atomizers . Low-pressure operating conditions were investigated to sim-
ulate high- altitude flight with air-flow rates per unit combustor frontal 
area which are typical of current engine design practice, 30 percent 
above current practice, and 69 percent above current practice. The com-
bustion efficiency data for a range of operating conditions were gener-
alized to fallon a common curve, and this correlation was used to pre-
dict the combustion efficiency to be expected with the model 13 combustor 
at various flight conditions in a turbojet engine. Comparisons were 
made of the performance of the model 13 combustor with similar data 
obtained in previous investigations with other combustors to show the 
relative performance of the model 13 combustor and to indicate the effect 
of combustor size on performance. 
APPARATUS 
Installation 
A diagram of the combustor installation is shown in figure 1. The 
combustor -4--~t and combustor -outlet ducts were connected to the 
laboratorJ ~ supply and low-pressure exhaust systems, respectively. 
Air -flow rates and combustor pressures were regulated by remote-
controlled valves upstream and downstream of the combustor. The 
combustor - inlet air temperature was controlled by an electric air heater. 
Fuel preheat was supplied by an electric resistance-type heater. 
Instrumentation 
Air flow was metered by a concentric-hole, sharp-edge orifice 
installed according to A.S.M.E . specifications. Liquid fuel flow was 
metered by a calibrated rotameter; vapor fuel flow, by a calibrated 
sharp - edge orifice. Thermocouples and pressure tubes were located at 
the combustor inlet and outlet planes as indicated in figure 1. The 
number, type, and location of these instruments at each plane is indi-
cated in figure 2 . The combustor -outlet thermocouples were located at 
centers of equal areas in the duct . Details of construction of the 
thermocouples and pressure tubes are shown in figure 3 and are the same 
as those presented in reference 3 . Pressure tubes were connected to 
absolute manometers; thermocouples were connected to a recording poten-
tiometer . 
- - - - - - ------
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Combustors 
A total of 13 combustor configurations was investigated. Each com-
bustor consisted of a one-quarter segment (900 ) of a single-annulus com-
bustor having an outside diameter of 2~ inches, an inside diameter of 
l~ inches, and a length from fuel atomizers to combustor-outlet ther-
mocouples of approximately 23 inches. The maximum combustor cross-
sectional area was 105 square inches (corresponding to 420 square inches 
for the complete combustor). Ten simplex hollow-cone-spray pressure 
atomizers (corresponding to 40 atomizers in the complete combustor) 
injected the fuel in the downstream direction from the upstream end of' 
the combustor liner. Several sets of atomizers of different capacity 
were used in the course of the experimental investigation. 
Figure 4 shows a three-quarter cut-away view of the final combustor 
(model 13) and figure 5, a longitudinal cross section of the combustor. · 
The arrangement of air-admission holes in the liner of model 13 combustor 
is shown in figure 6. In the present discussion the upstream one-half 
of the liner will be referred to as the primary zone and the second one-
half, as the secondary zone. 
Fuels 
The liquid fuel used in this investigation was MIL-F-5624A grade 
JP-4. The inspection data for this fuel are presented in table I. The 
vapor fuel was commercial propane. 
PROCEDURE 
Combustion efficiency and combustor total-pressure loss data were 
recorded for a range of fuel - air ratio at the following conditions: 
Condi- Combustor-inlet Combustor - Air-flow rate Simulated 
tion total pressure inlet total per unit com- flight alti-
(in. Hg absolute) temperature bust or areaa tude in ref-
(OF) (lb/(sec)(sq ft)) erence engine 
at cruise rpm 
(ft) 
A 15 268 2.14 56,000 
B 8 268 1.14 70,000 
C 5 268 0.714 80,000 
D 15 268 2.78 56,000 
E 15 268 3 . 62 56,000 
aBased on maximum combustor cross-sectional area. 
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These conditions simulate operation of the combustor in a reference tur-
bojet engine, which is a typical 5.2 pressure ratio turbojet, operating 
at a Mach number of 0.6. The cruise speed of the engine is assumed to 
be 85 percent of the rated rotor speed. Test conditions A through C 
require air-flow rates per unit combustor frontal area which are typical 
of current turbojet engines. Test conditions D and E require air-flow 
rates which are 30 percent and 69 percent, respectively, above current 
practice. 
In the preliminary research necessary to evolve the final combustor 
design, limited data were recorded with JP-4 fuel and 10.5-gallon-per-
hour atomizers in each combustor at one or more of test conditions A, 
B, and C. With the final (model 13) combustor, more extensive data were 
recorded, as indicated in the following table: 




JP-4 10.5 60 AlB C,D,E 
3.0 60 A,B,C 
Heated 
JP_4b 10.5 60 A,B,C 
10.5 60 B,C 
Propane 30 70 A,B,C,D,E 
60 70 E 
aRated at 100 lb/sq in. pressure differential; 
liquid fuel. 
~uel temperature, 3000 F. 
Combustion efficiency was computed as the percentage ratio of actual 
to theoretical increase in enthalpy from the combustor-inlet to the 
combustor-outlet instrumentation planes using the method of reference 8. 
For calculation of combustor-outlet enthalpy, the temperature was com-
puted as the arithmetic mean of the 30 outlet thermocouple indications; 
no corrections were made for radiation or velocity effects on the ther-
mocouple indications. 
Combustor reference velocities were computed from the air mass-flow 
rate, the combustor-inlet denSity, and the maximum combustor cross-
sectional area (105 sq in.). The total-pressure loss was computed as 
the dimensionless ratio of the total-pressure loss to the combustor ref-
erence dynamic pressure using the method of reference 3. The radial 
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distribution of temperatures at the combustor outlet was determined at 
each test condition investigated and at two values of combustor temper-
ature rise (approximately 6800 and 11800 F, the required values at 
7 
85 and 100 percent rated speed in the reference turbojet engine at alti-
tudes above the tropopause). The temperature at each of the 5 radial 
positions was computed as the average of four thermocouple readings at 
each radial position (see fig. 2(b)). The temperature rake at each side 
wall of the combustor was not included in these average temperatures in 
order to minimize the effects of the side walls on temperature readings. 
The optimum combustor-outlet radial temperature profile was considered 
to be that shown in figure 7; this temperature profile represents an 
approximate average of those profiles required or desired in various 
turbojet engines. 
RESULTS 
The results obtained in the investigation of the preliminary com-
bustor configurations are discussed briefly in appendix A. The follow-
ing results were obtained with the final (model 13) combustor. The 
model 13 combustor was considered to be a near-optimum design for the 
particular combustor size and shape, fuel, and fuel injection system 
which were selected and for the particular test conditions investigated; 
it gave the best over-all performance of the 13 combustor configurations 
investigated. The experimental data for the model 13 combustor are pre-
sented in table II. A tabulated list of all symbols is presented in 
appendix B. 
Combustion Efficiencies 
The combustion efficiencies obtained with liquid, heated liquid, 
and vapor fuels are presented in figures 8, 9, and 10, respectively, 
for a range of fuel-air ratio at each of three inlet pressures (test 
conditions A, B, and C) . The data of figures 8 and 9 were obtained with 
10 . 5-gallon-per -hour, 600 fuel atomizers. These same atomizers were 
used with vapor fuel to obtain a part of the data of figure 10. Addi-
tional data are shown in figure 10 for 30-gallon-per-hour, 700 atomizers. 
Duplicate data were recorded at a few values of fuel-air ratio at 
test conditions Band C, and these check data are indicated by tailed 
symbols in figure 8 . The check data showed an average deviation of 
±2 percent. 
Figure 11 presents combustion efficiencies at the same test condi -
tions as the preceding figures (test conditions A, B, and C) with liquid 
fuel and improved fuel atomization through the use of 3 . 0 -gallon-per -
hour, 600 atomizers . 
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Figures 12 and 13 show combustion efficienc ies obtained at three 
air-flow rates (test conditions A, D, and E) with li~uid and vapor fuels, 
respectively . The data of figure 12 were obtained with 10.5-gallon-per-
hour, 600 fuel atomizers. The data of figure 13 for vapor fuel were 
obtaine d with two atomizer capacities, 30-gallon-per -hour and 60 -gallon-
per -hour atomizers. The 60 - gallon-per-hour atomi zers were re~uired to 
obtain the higher fuel-air ratios at test condition E without causing 
the pressure drop in the fuel i njectors to exceed the propane fuel 
supply pressure, which was approximately 80 pounds per s~uare inch gage . 
Pressure Losses 
The pressure losses through the combustor are presented in fig -
ure 14 . The dimensionless ratio of the total-pressure drop to the ref -
erence dynamic pressure 6P/~r is plotted as a function of the 
combustor-inlet to combustor-outlet density ratio Pl/ P2 . The expected 
straight-line relation is obtained, but some separation occurs between 
data recorded at different pressures. 
Outlet Temperat ure Profiles 
Figures 15(a) and l5(b) show combustor-outlet r adial temperature 
profiles with li~uid and vapor fuel s , r espectively, at each condition 
investigated and at two values of combustor temperature rise (approxi-
mately 6800 and 11800 F). The desired temperature profile from figure 7 
is included for comparison. 
DISCUSSION 
Fuel State 
A comparison of the curves from figures 8 to 10 is presented in 
figure 16 to show the effect of fuel state on combustion efficiency. 
Only slight differences exist among the li~uid, heated li~uid, and vapor 
fuels at the two higher pressure s ( conditions A and B) . At the most 
severe test condition investigated, corresponding to cruise speed at 
80,000 feet altitude (condition C), the combustion efficiency with the 
vapor fuel was 23 percent above that with li~uid fuel and the effi -
ciency with heated li~uid fuel was 18 percent above that with li~uid 
fuel ; these comparisons are made at the fuel-air ratios re~uired with 
each fuel to give the 6800 F combustor temperature rise re~uired for 
cruise speed in the reference engine at 80,000 feet altitude. These 
values of fuel-air ratio are indicated by circular symbols on each of 
the curves for test condition C in figure 16. 
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The curves for liquid and vapor fuel at the highest air -flow rate 
(condition E, figs. 12 and 13) show that. vapor fuel also provides a 
significant increase in combustion efficiency at this severe operating 
condition . The higher combustion efficiency of the vapor fuel at severe 
operating conditions is in accord with the results of previous investi-
gations of liquid and vapor fuels in turbojet combustors (references 4 
and 5). 
A comparison of the data of figure 11 with the data of figure 8 
shows that the smaller capacity atomizers gave no significant increase 
in efficiency at any of the conditions investigated, and that they 
caused a slight decrease in efficiency at the lowest pressure (condi-
tion C). Thus the higher combustion efficiencies obtained with heated 
liquid and vapor fuels were not obtained by finer mechanical atomiza-
tion of the liquid fuel. 
Performance Comparisons 
Most turbojet combustor investigations have been conducted at test 
conditions simulating operation of each combustor in its particular 
engine; consequently, it is difficult to find data obtained with dif-
ferent combustors at identical operating conditions. The combustion 
parameter Vr/Pi Ti (where Vr is the combustor reference velocity in 
ft/sec, calculated from inlet density, mass-flow rate, and maximum com-
bustor cross-sectional area; Pi is the combustor-inlet static pressure 
in Ib/sq ft absolute; and Ti is the combustor-inlet temperature in OR) 
can be used, however, to reduce the combustion efficiencies obtained at 
any test conditions to a single curve for each combustor and each fuel, 
as shown in reference 6. A comparison of these curves therefore affords 
a comparison of the performance of various combustors even though the 
experimental conditions investigated might be different for the various 
combustors. 
In figure 17 are plotted the combustion efficiency data of fig-
ures 8, 9, 10, 12, and 13 as a function of the combustion parameter 
Vr/Pi Ti • This form of the parameter is used herein rather than its 
reciprocal Pi Ti/Vr as derived in reference 6 because the resulting 
correlation curves do not have the extreme curvature noted in refer-
ence 6. The efficiency data of figure 17(a) are for a combustor tem-
perature rise of 6800 F, which is the value required in the reference 
engine at cruise speed and altitudes above the tropopause. Fig-
ures 17(b) and 17(c) present similar data for values of temperature 
rise of 4020 and 11800 F, which are the required values of temperature 
rise for 75- and lOO-percent rated speed at altitudes above the tropo-
pause. These values of required temperature rise were obtained from 
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engine performance curves which were extrapolated to the higher altitude -
conditions by assuming constant efficiencies of engine components other 
than the combustor. Figure 18 presents a comparison of the curves of 
figure 17 for the model 13 combustor with liquid, heated liquid, and 
vapor fuels with similar curves for two of the better combustors (com-
bustors G and L) reported in reference 6. Combustor G from reference 6 
is the slotted annular combustor of reference 3, which produced the 
highest combustion efficiencies of the 14 turbojet combustors reported 
in reference 6. Combustor L from reference 6 is one of the better 
production-model combustors. Figure 18 shows that with any of the three 
fuel types investigated, the model 13 combustor produced a higher com-
bustion efficiency at severe operating conditions than any of the 
14 combustors of reference 6. 
Estimated Flight Performance 
Figure 19(a) shows the estimated combustion efficiency of the 
model 13 combustor with liquid fuel at various flight conditions in the 
reference turbojet engine. The curves of constant combustion efficiency 
were obtained as follows: At each flight condition indicated on fig-
ure 19(a) by a circular symbol, the required temperature rise and the 
value of the combustion parameter Vr/Pi Ti were obtained from the 
engine performance curves. For each value of the combustion parameter 
thus obtained the corresponding efficiency was then obtained from fig-
ure 17 for values of temperature rise above and below the required 
value. The efficiency at the required temperature rise was then obtained 
by interpolation. These values of combustion efficiency were next indi-
cated in figure 19(a) beside the appropriate circular symbols. Finally, 
the constant efficiency curves were drawn to fit the pattern indicated 
by these circular symbols. 
The three rectangular data points in figure 19(a) at 85 percent 
rated speed represent actual experimental data where the test conditions 
accurately simulated flight operation at the conditions indicated on the 
figure. The combustion efficiencies listed beside each of these three 
data points match well with the values expected from interpolation 
between the curves, indicating the validity of figure 19(a). The curves 
of f igure 19(a) show that with liquid fuel the model 13 combustor opera -
ted at efficiencies above 97 percent up to an altitude of 65,000 feet at 
rated engine speed . 
Similar data are presented in figure 19(b) for the model 13 combus -
tor operating with vapor fuel . Again the circular symbols represent 
data calculated by use of figure 17, and the square symbols represent 
experimental data . With vapor fuel the model 13 combustor operated at 
efficiencies above 97 percent up to an altitude of 65,000 feet at rated 
engine speed . 
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With both liquid and vapor fuel the model 13 combustor supplied 
sufficient temperature rise to operate the turbojet engine at 85 percent 
rated speed and an altitude of 80)000 feet. Thus the altitude operating 
limits of the engine would lie above 80)000 feet at 85 percent rated 
speed. 
High Air-Flow Rates 
The combustion efficiency of the model 13 combustor was slightly 
increased with both liquid and vapor fuels when the air-flow rate per 
unit frontal area was increased to a value about 30 percent above current 
design practice (figs. 12 and 13). This result is contrary to the usual 
trend of decreased efficiency with increased velocity which has been 
generally noted in previous investigati ons. When this air flow was 
further increased to a value about 69 percent above current practice) 
the efficiency with both fuels was markedly decreased at high fuel-air 
ratios. The vapor fuel gave higher efficiencies than the liquid fuel at 
the highest air-flow rate) indicating that a combustor designed to make 
better use of the vapor fuel might constitute one means for obtaining 
high efficiencies at higher air-flow rates. 
Combustor Size 
A development program similar to that reported herein was pre-
viously conducted with an annular combustor of smaller size (unpublished 
data). The model 13 combustor evolved herein and the smaller combustor 
previously investigated are similar in many respects: (1) both combus-
tors are annular combustors with similar fuel injection systems; (2) both 
combustors have approximately the same arrangement of circular holes in 
the upstream end of the combustor liner; and (3) both combustors produced 
higher efficiencies than the various other combustor configurations which 
were investigated in their respective development programs. These com-
bustors differ primarily in size. A comparison of the performance of 
these two combustors should therefore provide some indication of the 
effect of combustor size on performance. 
A significant comparison of the combustion efficiency of these two 
combustors is not available because the combustion efficiencies of the 
smaller combustor were measured only at favorable conditions correspond-
ing to low values of the combustion parameter Vr/Pi Ti where most com-
bustors give efficiencies near 100 percent. The best available perfor-
mance comparison between t hese two combustors is therefore shown in 
figure 20. The altitude operating limits of the smaller combustor appear 
as a straight line. The experimental data obtained with the model 13 
combustor are also included in figure 20 to show that the model 13 com-
bustor operated with high efficiency over a wide range of conditions 
where the smaller combustor would not operate. 
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The indicated effect of combustor size may possibly be the result 
of liquid fuel "wash" on t he walls of the combustor liner. Reference 9 
shows air - and fuel-flow patterns in a turbojet combustor with no burning 
occurring , and an appreciable quantity of the liquid fuel impinges on 
the walls of the liner and flows along the walls as a continuous liquid 
film. Liquid fuel "wash" along the walls of the liner has also been 
observed under burning conditions in some combustor s. Large quantities 
of liquid fuel on the walls would be expected to result in a decrease in 
combustion efficiency. Since the fue l atomizers used in the smaller com-
bustor had the same flow capacity and spray angle as those used in the 
model 13 combustor, it would be expected that they would cause much 
greater quantities of liquid fuel to impinge on the wall s of the smaller 
combustor. 
Further indication of a possible important effect of combustor size 
on combustion efficiency is shown in f igure 21. Values of combustion 
efficiency obtained in previous i nvestigations with 14 different turbo -
jet combustors at operating conditions of equal severity 
(Vr/Pi Ti = 100X10-6) are plotted in figure 21 as a function of a com-
bustor hydraulic radius. The efficiency data for these fourteen combus -
tors were taken from the curves of reference 6. The combustor hydraulic 
radius is defined as the ratio of the cross - sectional area inside the 
combustor liner to t he wetted per i meter of the combustion zone at the 
point where the undisturbed fuel spray would t ouch the liner walls . This 
hydraulic radius is also the volume - to-surface ratio per unit length of 
the combustion zone at the point where the fuel is dispersed across the 
combustion zone. A combustor hydraulic radius was selected as an index 
of ~he effect of combustor s ize on efficiency because the surface - to -
volume ratio of small-scale combustion apparatus is known to have an 
important effect on flammabili ty limits, as shown in reference 10 . The 
point where the undisturbed fuel spray would touch the liner walls was 
arbitrarily selected as the plane at which the hydraulic radius would be 
evaluated ; a better correlation of the data of figure 21 might possibly 
be obtained by using values of hydraulic radius which are evaluated dif -
ferently. 
Figure 21 shows t hat the data points for most of the 14 combustors 
of reference 6 fall within ±10 percent of a single curve, and this curve 
shows an increase in combusti on efficiency with increase in combustor 
size throughout the range of size investigated . The data point for the 
model 13 combustor falls near the upper end of the curve in figure 21 . 
Other de s i gn factors besides that of size are, of course, important, and 
thi s accounts f or some of the scatter of data points in figure 21. For 
example , combustors C and D are identical except for changes in the pri-
mary air holes in the liner, and combustors I and J are identical except 
for changes i n t he fuel atomizer . 
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Pressure Losses, Outlet Temperature Profiles, and Other 
Performance Characteristics 
For isothermal (no combustion) flow, the average value of 6P/qr 
in figure 14 is about 25; this value is approximately twice as great as 
the corresponding value for some production-mode l combustors. The design 
changes which were made in an attempt to reduce this pressure drop were 
unsuccessful, as noted in appendix A; with a more extensive effort it 
might, however, be possible to significantly reduce this pressure 
drop . 
The combustor-outlet temperature profiles in figure 15 are similar 
to the profile generally desired in turbojet engines, with low tempera-
tures near the blade hub and blade tip positions and a maximum tempera-
ture at about 85 percent of the blade height . The maximum circumferen-
tial scatter of individual thermocouple indications was ±2000 F at any 
radial position . The outlet - temperature profiles for the model 13 com-
bustor were not so good as those of some of the preliminary combustors 
investigated (for example, see appendix A) because the model 13 combus-
tor was evolved as the result of design compromises to obtain the best 
over-all combination of high efficiency, low pressure drop, and a 
desired pattern of outlet temperatures. 
The low altitude performance of the combustor was not investigated; 
consequently, little is known regarding its durability or carbon-
deposition characteristics . No carbon depos its or warping of the liner 
were observed during this investigation , but the test conditions were 
not in the range where these problems are severe . 
SUMMARY OF RESULTS 
An annular turbojet combustor was developed to g ive improved per-
formance at high altitudes by utilizing the design principles evolved 
in previous investigations to obtain the basic combustor configuration 
and then making 12 minor design changes to optimize the performance of 
this combustor . The results obtained from the experimental investiga-
tion of the model 13 combustor at low pressures and high air -flow rates 
are summarized in the following paragraphs. The values quoted for sim-
ulated flight performance refer to the model 13 combustor in a typical 
5.2 pressure ratio turbojet engine at a flight Mach number of 0.6. 
1. Although the combustor was developed for liquid fuel injection, 
heated liquid and vapor fuels injected through the conventional liquid-
fuel injection system gave higher combustion efficiencies at the more 
severe operating conditions . At conditions simulating cruise speed at 
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80,000 feet alt~tude, the efficiencies with heated liquid and vapor fuels 
were 18 and 23 percent, respectively, above the efficiency with liquid 
fuel . At cruise speed at 70,000 feet, the differences in efficiency 
between the fuels were slight. 
2. With all three fuel types investigated (liquid, heated liquid, 
and vapor) the combustion efficiency at severe operating conditions was 
higher than the efficiency of any of 14 turbojet combustors previously 
investigated. At rated engine speed the combustion efficiency was above 
97 percent with both liquid fuel and vapor fuel at altitudes up to 
65,000 feet. 
3 . At cruise speed at 56,000 feet altitude, the combustion effi-
ciency was slightly increased by increasing the air-flow rate per unit 
combustor frontal area to a value 30 percent above that used in current 
engine design practice. At an air-flow rate 69 percent above current 
practice, however, the efficiency was markedly decreased at high fuel-
air ratios. 
4. A smaller, similar annular combustor which was previously devel-
oped to obtain high performance would not operate at many conditions at 
which the model 13 combustor produced high efficiency. The better per-
formance of the model 13 combustor may therefore be due chiefly to its 
size. A comparison of the combustion efficiency previously obtained 
with 14 turbojet combustors at comparable operating conditions shows 
that for most of the combustors the efficiency increases with increase 
in combustor size. 
5. The total-pressure drop through the combustor was approximately 
twice as great as the pressure drop of some production-model combustors. 
6. The combustor-outlet temperatures followed the radial pattern 
generally desired in turbojet engines; that is, the temperatures were 
low at the extreme blade hub and blade tip positions and were a maximum 
at about 85 percent of the blade height. The maximum circumferential 
variation of individual thermocouple indications from the mean tempera-
ture at any radial position was about ±200o F. 
7. The low-altitude performance of the combustor has not been inves-
tigated; consequently, little is known regarding its durability or 
carbon-deposition characteristics. 
Lewis Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 
Cleveland, Ohio 
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APPENDIX A 
EVOLUTION OF MODEL 13 COMBUSTOR 
The design modifications consisted of two distinct types: (1) sec-
ondary zone modifications, which primarily affected the outlet-
temperature profile and the combustor pressure drop; and (2) primary 
zone modifications, which primarily affected the combustion efficiency. 
The greatest deficiency of the model 1 combustor was its outlet-
temperature profile; hence secondary zone modifications were made first. 
Secondary Zone Modifications 
Figure 22 shows the combustor liner design for three combustors 
(models 1, 2, and 3), and figure 23 shows the radial outlet-temperature 
profiles of these combustors. Combustor models 1 to 3 had approximately 
the same total open area in the liner and hence the same pressure drop. 
Model 1 produced temperatures which were too low near the inner wall 
(turbine blade hub) and too high near the center of the duct (fig. 23(a)). 
Model 2 was evolved to improve the temperature profile of model 1. 
This combustor had less open area on the inner wall of the liner and 
correspondingly greater open area on the outer vTall, resulting in 
increased temperatures near the blade hub (fig. 23(b)). In addition, 
the model 2 combustor had a greater spacing between the air-admission 
slots in the inner wall of the liner, permitting the cold air entering 
through these slots to penetrate as individual jets into the hot gases 
to produce alternate hot and cold "corridors" in the combustor. With 
the smaller slot spacing of the preceding combustor (model 1), these air 
jets did not penetrate as individual jets, but displaced the hot gases 
toward the center of the duct and coalesced to form a cold layer of gas 
near the turbine blade hub. These deductions are based on observations 
of the flame patterns in the combustor and the temperature patterns visi-
ble on the side walls of the combustor housing. The improved jet pene-
tration (obtained with the model 2 combustor) served to reduce the tem-
perature in the center of the duct (fig. 23(b)). 
The model 3 combustor represented a still further step in the same 
direction; that is, less open area in the inner wall, correspondingly 
greater open area in the outer wall, and wider spacing between the slots 
in the inner wall. A further improvement in outlet-temperature profile 
resulted (fig. 23(c)). 
An increase in the area of the secondary zone liner perforations 
was required to decrease the pressure drop of the model 3 combustor. 
The width of the secondary zone slots could not be increased without 
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reducing the space between the secondary air jets; this would be expected 
to impair the penetration of these jets as indicated by the experience 
with combustor models 1 to 3 . The slots could not be extended upstream 
without reducing the length available for combustion. The requisite 
increase in area of the slots was therefore obtained by changing from 
10 slots (fig . 22) to 5 slots (fig . 6); this permitted a 30 percent 
increase in the area of the secondary air slots in model 13 over that of 
models 1 to 3 . The outlet - temperature profile was slightly impaired by 
this area increase, but the accompanying decrease (approximately 25 per-
cent) in pressure drop made the over -all performance of the model 13 com-
bustor more desirable . 
After the change was made from the 10-slot to the 5- s10t secondary 
zone configuration, three modifications were required to obtain the 
desired outlet - temperature profile by means of a correct balance between 
secondary slot area in the outer wall and in the inner wall of the liner 
(models 11 to 13). 
Attempts to greatly increase the area of the secondary air slots 
(models 5 and 6) resulted in circumferentially uneven temperature pro-
files and severe local high- temperature regions. Models 5 and 6 also 
showed no marked lowering of the pressure drop, probably because a large 
part of the pressure loss was then occurring in the annular flow pas-
sages which supply air to the downstream part of the combustor liner. 
Additional secondary zone modifications were made in models 7 and 8 
to add cooling louvers at the positions indicated in figure 6 . 
Primary Zone Modifications 
Combustor model 4 was similar to model 3 but had 3 rows of holes 
conSisting of ten 3/16 - inch holes per row located in the inner and outer 
walls of the liner (for a total of sixty 3/16 - inch holes in the one-
quarter sector) approximately 7~ inches from the upstream end of the 
liner . These small holes had no measurable effect on performance and 
were later replaced by a row of cooling louvers. 
Combustor models 9 and 10 varied the amount of air admitted behind 
the fuel atomizer radiation shield (fig. 5). This air flows around the 
fuel atomizers and emerges into the combustion zone through the holes 
provided in the radiation shield for each fuel atomizer. Model 9 had a 
row of 1/16-inch holes in the upstream end of the liner walls for admis-
sion of this air behind the fuel atomizers; the final model 13 combustor 
had 1/8-inch diameter holes for this purpose, and the model 10 combustor 
had alternate 1/8- inch and 5/32 - inch holes for this purpose. Thus 
models 9 and 10 provided less and more air, respectively, around the 
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fuel atomizers than did model 13. The combustion efficiencies of 
models 9 and 10 were below that of model 13) indicating that the air 
admitted around the fuel nozzles has a marked effect on efficiency and 
further indicating that model 13 provided approximately the optimum quan-
tity of air in this location. 
l 
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APPENDIX B 
SYMBOLS 
The following symbols are used in this report: 
Ar reference combustor cross-sectional area, sq ft 
f fuel-air ratio, Ib/lb 
Pi combustor-inlet total pressure, in. Hg absolute 
6P total-pressure drop through combustor, in. Hg 
6Pf fuel manifold pressure (above combustor-inlet pressure), in. Hg 
Pi combustor-inlet static pressure, Ib/sq ft absolute 
qr reference dynamic pressure, in. Hg 
Ti combustor-inlet total temperature, ~ 
To mean combustor-outlet temperature, OR 
6T mean temperature rise through combustor, ~ 
V combustor reference velocity, ft/sec 
r 
Wa air-flow rate, Ib/sec 
Wf fuel-flow rate, Ib/hr 
~b combustion efficiency, percent 
Pl combustor-inlet air density, Ib/cu ft 
P2 combustor-outlet air density, Ib/cu ft 
--------------------
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TABLE I - FUEL ANALYSIS ~ 
Fuel properties MIL-F-5624A (JP - 4) 
(NACA fuel 52-53) 
A. S . T .M. distillation 
D86 - 46) ~ 












Final boiling point 498 
Residue ) percent 1.2 
Loss) percent 0.7 
Aromatics 
A. S .T . M. D- 875 -46T) 8.5 
percent by volume 
Silica gel) percent 10.7 
by volume 
Specific gravity 0.757 
Viscosity) centistokes 0.762 
at 1000 F 
Reid vapor pressure) 2 .9 
lb/sq in . 
Hydrogen- carbon ratio 0 . 170 
Net heat of combustion 18)700 
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TABLE 11 - DATA OBTAINED FOR MODEL 13 COMBUSTOR 
U"\ f~:'~:~~CJr- i~~~stor- ~!~e flow ~;~ ~~~ ~~!: ~~~~~:~~~ ~~! I :~irOld :~~l- I ~:~us- ~::~er- ~~~US- ~~::~ ~::::~;~n 
t c. lal total Wa WaiAr veloe1 ty rate pressure ratlo tor sture oefrl- sure Vr/ Pl Ti 
.. re8sure t.empera- (lb/e8c) ~ Ib Vr Wf (abo'/e f out.let rise clency drop ( 
(In . Kg) Tl inlet sture CombU8- (percent) combus- Sec , Oft) P1 ll..ure (seC)(SQ]EJ (ft/sec) (lb/hr) combustorl tcmper- through~ II nb :GhrOU~h ft, lb, 
("R) I I pressure) TO tor tor un1 t8 
t--L- -'-__ --"L-_ _ (lb/::C1n . ) (OR) (~) (1n"PHg) . __ 
~15 .0 -~--72-8---'1r-,-. 5_. _0--'r-_2_'_l>_7 _ _ 1,0_._5_8:_·_:,-._r_' r-160 _: __ ~el a t~~zer ; ::.:.~:..~_..:~.:.:.,.-4':' _____  --'r-_______ ~______ '-1 - 0- .-9-14---'-00- . 1x 10-6 
2 730 1.551 2 . 133 BO . 51 39.5 4 . 0 0.001047 12"8 518 99 . 92 1.307 100.5 




\ ~~ i:;~~ ~ : ~~~ ~g : ~i ~~:~ ; : ~ : ~i~i~ i~~f ;~f ~~:~~ I L:~~ igg:~ 
734 1.554 2.129 80 . 77 85 . 9 5 . 1 . 01536 1773 1039 96 . 97 1.532 100.3 
136 1.561 2 . 141 81.68 101.1 5 . 5 .01803 1921 1191 96.11 1 . 616 101.2 
8.0 728 . 8319 1.140 80 . 51 20 . 5 2 . 8 . 006845 1197 469 92 . 82 . 7120 188 . 9 
10 7 . 95 722 .8250 1.130 79.'10 25 . 8 2.8 .008687 12(.9 527 82 .82 . 7408 189 . 6 
11 8 . 0 726 .8319 1.140 80.31 29 .3 3 . 0 . 009783 1351 625 88 . 01 . 7753 188.9 
12 723 .8311 1.138 79.90 40 . 3 3.5 .01347 1496 773 80.48 .7954 189.6 
13 725 .8272 1.133 , 79 . 75 55.0 3.9 .01847 1753 1028 80 . 29 . 8404 187.7 14 1 725 8292 1.136 79 . 95 83 . 5 4.0 .02791 2025 1300 69 . 78 . 8877 188.2 
15 5 . 0 729 :5192 .7112 80.51 21.2 3 . 3 .01134 12H 515 62 . 50 . 5002 301.7 
16 729 . 5187 . 7105 80 . 46 28 . 0 4.1 .01500 1347 618 57.60 . 5293 30l.4 
17 732 . 5187 .7105 80.77 32.0 4 . 3 .01714 1395 663 54.58 . 5337 301.4 
18 722 .5187 .7105 79.70 37 . 5 " . 3 .0200914.52 730 51.77 . 5282 301.4 
19 729 . 5187 .7105 80.46 45 . 2 4 . 3 . 02421 1528 799 47 . 80 . 5307 301.4 
20 722 . 5187 .7105 79 . 70 60.0 4 . 3 . 03214 16:53 911 42 . 11 . 5502 :501.4 
21 8 .0 730 .8327 1.141 80 . 82 25.8 -- - . 008606 1282 552 87.77 . 7400 189 . 1 
22 726 .8307 1.138 80 . 26 41.4 - - - .01384 1565 839 85 . 47 . 8179 188.6 
23 7:50 .&341 1.143 80.97 21.0 --- .006993 1174 ·4.(.4 85.96 .7871 189.4-
24 728 .8292 1.136 80.26 31.0 --- . 01039 1382 654 87 . 00 . 8012 188 . 2 
IlliL~!' 5 .0 iii 1 : ~~~ I :m~ ini iU U I : ~~m mr ~~ ir~ I : ~!i u~~j 
29 734 : 5227 .7160 81.78 32.4 4 . 3 . 01722 1408 674 55.31 .5548 303 . 7 
30 728 .5:..:2:..:2.=2-.1.._-..: ..=7.=15:..:3-..:_1-_8.=1_.0_2_-'--.=36:....9 4.3 .0196:..:3:....J_ 1:..._0_._-'--.:.67.:.6 I- 48.=. 9:..:2:"'-'-L--.=' 5:..:5.=3.:..8 303 . 4 _ 
10.5 gal/hr, 60 0 ruel atomizer ; fuel, heated JP-4 
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20 . 7 
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1
27.0 1 33 . 5 
38 . 6 
45 . 0 
19.0 
20.1 
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24.. 7 
26 . 5 
11.9 
13.7 
14 . 3 
16 . 0 
19.1 
20 . 8 
26.4 
26 . 9 













































10.5 ga1/hr, 600 rue1 atomizer ; ruel, propane 
80 . 21 
78 . 94 
79 . 45 
80 . 31 
80 . 56 
82 . 89 
78 . 53 
80.:51 
80.46 
80 . 61 
80.46 
82 . 24 
80 . 97 
1 





22 . 67 
~!:i; I 32 . 53 
35.64 
38 . 29 
o . 00841~ 11310 
.009679 1374.-
. 01038 1426 
. 01112 '1477 
.01209 1538 
. 01025 1345 
.01225 144.2 
' .01275 1507 
/
. 01470 1574 
. 01571 1654 
. 01730 1714. 
. 01886 1777 
. 02036 1876 
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74.56 1 65 . 26 
65.4.4 
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77 . 33 
79.75 
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86.39 
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TABLE II - DATA OBTAINED POR MODEL 13 COMBUSTOR - Concluded ~ 
U. "F ,,~ ""' rate per un! t are W. WaiAr 
(lb/s.c) ~ Ib (sec) (sQ It 
:f~~~~~:~1° rt~! I :U~i fold velocity ate pressure 
)) (ft;~.C) (l:/hr) ~~~~~:tor-
inlet 
pressure) l 





T Mean Mean Combus- Total ComhU8- temper- tion pres-
tor- ature effl- sure 
outlet rise ciency drop 
temper- through l1b j through 
ature combus- (percent) combus-
TO tor tor 1 ("R) 1 (~) 1 (ln~lfg) '-
Combustion 
parameter 




~O.O gal/hr, 70° ruel atomizer; fuel, propane concluded 
='f'" . 8338 1.142 . 8308 1.138 .5179 .7095 . 5228 .7162 .5218 . 7148 . 5218 . 7148 
. 5228 .7162 
. 5228 .7162 
. 5233 .7168 
.5218 . 7H8 
1 . 561 2 . 138 
1.558 2 .134-
1.559 2 . 136 
1.558 2 . 13' 
1.563 2.141 
1.559 2.136 
1 . 558 2.134 
. 8369 1.146 
.8359 1.H5 
. 8369 1.H6 
.8349 1.144. 
.8340 1.142 
. 8330 1.141 
.8320 1.14.0 
.8343 I . Ie 
.5233 .7168 
. 5243 .7182 





2 .0306 2 . 782 
2 . 0355 2.788 
2 . 0336 2 . 786 
2.0231 2.711 
2 . 0339 2.786 
2.0345 2.787 
2 . 0335 2 .186 
2.0275 2.777 
2.630 3.603 
2 .633 3 . 607 
J 
80 . 66 43.6~~---80.56 51.63 ----


















80 . 82 
81.58 
81.27 
BO . 41 
BO .41 
80 . 51 
80 . 21 
81.32 
81.~2 









8' . 9 
103 . 0 
22 . 4 
25.7 
29.3 
38 . 2 
43.4 
49.7 
62 . 0 
69.7 
20.3 


























. 01120 1813 
.01858 1899 
. 01120 1358 
.01291 U72 
. 01521 1580 






)0. 00622B 1180 





. 01836 184,9 







. 02321 1806 
. 01077 1202 




10 . 5 gal/hr, 000 fuel atomizer; fuel, JP-4 
101 . 6 55.2 




106 . 5 93.~ 
107 . 8 101.0 
101 . 2 119.1 









6 . 5 
6.5 
6 . ' r :gg~~~~2 m~ .01045 1483 .01202 1564 .01298 1636 .01274. 1621 .01379 1698 . 01635 1851 .01788 1955 
.007636 1257 
.00974.8 1392 
956 88 .40 
1085 86 .05 
1166 86 . ... 2 
626 73 .01 
7'6 76.33 
85 • 75 . 13 
991 78.0B 
1081 18.68 
1132 75 . 24. 
1043 6<.27 
926 52 . 80 
458 99.23 
595 91 . 26 







611 87 . 41 
192 87 . 42 
693 87.46 
101.5 81 .61 
1089 76.62 














.9783 n89. 2,(jQ- S 
1.014 IB9 . 2 
1.006 188 . 6 
. 5946 300.9 
.6512 303.8 
.6580 303.~ 
: m~1 30~ . 2 303.8 
. 6H[j03.8 
. 65B7 304.0 
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121 15.05 734 
J 2 . 623 2.625 




3 . 596 
3.593 





149 . 0 




791 9' . 56 169 .~ 
.014.04. 1630 900 90 . 78 169.5 
J .01578 1652 .01785 1563 .02<)00 1502 929 83 . 80 169 . ~ 640 67.05 169.5 L 766 54:.92 168.2 
-'--








131 I 15 . 1 732 2 15.2 730 
133 15.6 732 
134 15.65 722 
- -
em- 15.0 729 
136 15.1 727 
137 15.4 727 
138 15 . 5 726 
139 15.25 724 
HO 15.5 728 
141 15 . 2 726 
H2 15.0 722 
1<3 15.0 724 
I H 8 . 0 728 
1<5 5 . 0 7~1 
30 . 0 gal/hr, 100 fuel atomizer; fuel, propane 
2 .029 2 .779 
2.0;;' 2 .777 
2 .030 2 .781 
2.029 2.779 
2 .029 2.779 
2.030 2 .781 r= ,m 2.029 2 . 779 2.594 3 . 553 2 . 606 3 . 570 
2 .607 3 . 571 
2.619 3.588 
2 .61 '--~ .585 
- 106.5~ r 51.76 -,--- r· .007087T 1266 
107 . 5 57.96 .0079431356 
107.0 69.42 .009499 14.45 
105.6 81.20 .01U2 1527 
106.0 81.67 .01200 1621 
107 3 99 32 .01359 1728 
j ~~~~~ ~nt :gmL m~ ----- 76 . 06 .008320 1351 ----- 96 . 12 .01031 1469 
----- 108.S . 01151 1569 
----- 26 . 5 .01237 1612 
60.0 gal/hr, 700 fuel atomizer; ruel, propane 
2:622 3.592 
2 . 624 3 . 595 
2 . 612 3.578 1ITf43.2 80 .19 141.8 105.8 137 . 9 130.9 10.008496 1:517 . 01120 1551 . 01392 1727 
2 . 618 3.586 
2.601 3.563 
2 .591 3 . 549 
2 . 607 3.571 
2 .621 3.590 
2 .03-49 2 . 788 
.8349 1.144-
.5226 . 7159 
131 . 1 156 . 9 








. 01665 1851 
.01925 1854 
l'ro .. 7918 .02116 1851 
r 540 97. 70 r 
2 .694 T 1:31.0xl0-6 
622 101.2 2.907 130.9 
715 
I 





898 99.37 3.072 131.0 
996 98.4:7 3.118 131.1 
1100 99.34 3.10"' 131.0 
ll57 100 . < 3 . 215 131.0 
552 ) 102.9 
1 
161.4 
619 96.24 166.0 
739 93.89 163.9 
837 96.22 156.3 
890 95.56 .J-155 . 2 
648 T 98.82 
r 
------ r-TI9 .3xl0-6 
824 
j 
97.08 ------ 161.2 
1000 96.53 ------ 160.0 
1131 92 . 73 158.3 
1150 BO . 71 162.5 
1190 79.94- 156.6 
1125 73 . 55 163.9 
3.074- 169.2 
1.652 131.4. 1 ---- . 5294 189.5 
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(a ) Inl et ther mocoup l es (ir on- constantan), inlet total- pressure rakes , and stream- stati~ 
pr obe in plane at station 1 . 
o Thermocouple 
o Total- pressure r ake 
J L Static-pres sure orifice 
o Stream- stat i c probe 
® 
® ® ® 





CD · 2845 
e 
e 
(b ) Outlet thermocoup l es (chromel-alumel ) in plane at station 2 . 
Figure 2 . - Locations of instrumentation . 





(a) Inlet total-pre ssure rake. 
(b) Outlet thermocouple rake . 
(c) Inlet the rmocouple . 
Figure 3 
(d) st atic-pres sure orifice. 
. - Details of instrumentation (Dimension 
(e) Wedge stream-static 
'~7 
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Distance along turbine blade, in. 
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r--~ I C'ondi-I Pi Ti wal Ar -t--+-r---~I-f.o.J.-I.;: __ ~+---+--+--I---+----I----1---l--~ 
I tion I (i.n. Hg) (Of) ( Ib \ r--t---
(sec )( sq ftf) ~~ 
i--+-----+------l----I-\~---~ f:. r--_ 
o A 15 268 2 .14 ~_Lr-r:. 
so 
o B 8 268 1.14 
.0. C 5 268 . 7l~ 
40 
.006 
Tailed symbols indicate check data . ~ 
I I I I ~ 
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Figure 8. - Combustion efficiency of model 13 combustor with liquid MIL- F-5624A grade JP-4 fuel at various pressures . 
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Figure 10 . - Combustion efficiency of model 13 combustor with vapor (propane) fuel at various press~es. 
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Figure 11. - Combustion efficiency of model 13 combustor with liquid MIL-F- 5624A grade JP-4 fuel 
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Flgure 13. - Combustion efficiency of model 13 combustor with vapor (propane) fuel at various air-
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Figure 19. - Estimated altitude flight performance of model 13 combustor in 5.2 pressure 
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Figure 19. - Concluded . Estimated altitude flight performance of model 13 combustor in 5.2 pressure 
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Figure 20 . - Comparison of altitude performance of model 13 combustor 
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